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Structural and Chemical Changes in Leaves of Cecropia
(Cecropiaceae) with Plant Age.
James J. Garnsey
Department of Biology, Northeastern University
_____________________________________________________________________________________

Abstract:
Many tropical plants show age-related morphological and chemical changes that are adaptive to a
particular environment. Generally, leaves of young plants have drip tips and increased secondary
compounds while leaves of mature plants lack drip tips and are tougher. Cecropia polyphlebia and
Cecropia obtusifolia are common pioneer tree species in Monteverde, Costa Rica that exhibit
morphological and chemical changes with age. Here, I study how water content, herbivory, toughness and
concentration of alkaloids change in the leaves of Cecropia as the plants age. Leaves from young,
medium and mature aged plants were collected from gaps near the Estación Biológica Monteverde
(1500m) for C. polyphlebia and below the road to Monteverde (1300m) for C. obtusifolia. Percent water
content, percent herbivory, toughness and alkaloid concentration was then determined for each leaf. The
leaves of the young plants displayed the highest percent water content (83.2 ± 2.8) and alkaloid
concentration (3.6 ± 9.5), decreasing significantly with plant age. It is likely that the young Cecropia are
utilizing greater amounts of water for rapid growth and investing in more renewable defenses such as
alkaloids. Toughness showed a significant increase with plant age, with the leaves of mature plants
having an overall mean 91.0 ± 26.2. This provides evidence that as the Cecropia age and sunlight is less
available, they will invest in longer-lived defenses. However, further research is needed in order to
elucidate the mechanisms that determine plant anti-herbivory investment.

Resumen:
Muchas plantas tropicales muestran cambios químicos y de morfología relacionada con la edad, lo que
son adaptaciones a un ambiente particular. Generalmente las hojas jóvenes tienen puntos de goteo y
aumentan los compuestos secundarios mientras que las plantas maduras reducen los puntos de goteo y se
hacen más duras. Cecropia polyphlebia y C. obtusifolia son plantas pioneras comunes en Monteverde,
Costa Rica y muestran cambios morfológicos con la edad. Se estudió el cambio en el contenido de agua,
la herbivoría, la dureza y la concentración de alcaloides en las hojas de plantas de diferentes edades.
Hojas de plantas jóvenes, medias y maduras fueron colectadas cerca de claros en la Estación Biológica
Monteverde (1500 msnm) para C. polyphlebia y más abajo en la carretera a Monteverde (1300msnm)
para C. obtusifolia. El porcentaje de contenido de agua, porcentaje de herbivoría, dureza y la
concentración de alcaloides fue determinado para cada hoja. Las hojas de plantas jóvenes muestran el más
alto contenido de agua (83.2 ± 2.8) y de concentración de alcaloides (3.6 ±9.5) disminuye
significativamente con la edad de la planta. Es probable que cecropias jóvenes estén utilizando grandes
concentraciones de alcaloides como defensas. Dureza mostro un incremento significativo con la edad de
la planta, con las hojas de plantas maduras mostrando un promedio de 91.0 ± 26.2. Esto da evidencia que

con la edad de la Cecropia, la luz solar es menos disponible, debiendo invertir en defensas a largo plazo.
Sin embargo, se necesita más investigación para encontrar los mecanismos que determinan como la planta
está invirtiendo en defensa contra herbívoros.

Introduction:
Tropical forests exhibit not only high plant species richness but also great structural
diversity of plant growth forms (Richards, 1996). Studies of leaf morphology and
chemistry show adaptive leaf traits associated with where and how a plant lives in a
tropical forest. For example, canopy leaves tend to be small, lack drip tips, are more
likely to be compound and have greater leaf thickness compared to their larger, thinner
and normally drip-tipped understory counterparts (Rundell and Gibson, 1996). In
addition, canopy leaves tend to be tougher with a higher phenolic content than do shade
tolerant understory leaves (Coley and Barone, 1996). Leaves also change
morphologically and chemically with age for a single species such that younger leaves
tend to be thinner with more water and use inexpensive easily recycled defensive
compounds, called qualitative defenses while older leaves are tougher, utilizing
quantitative defenses, including phenols and others that are more costly and time
consuming to produce.
Less is known about changes in leaf morphology and chemistry with plant age. As
plants age different leaf morphologies and chemistries may be adaptive, causing plants to
alter their leaves accordingly. A case in point is sun loving canopy trees that spend much
of their lives in the low-light conditions of the understory. Saplings of these species are
larger and thinner and with prominent drip tips, unlike canopy individuals of the same
species, most of which lack drip tips all together (Rundell and Gibson, 1996). Though
nothing is known about how leaf chemistry changes with plant age, herbivore pressure
decreases with height in the forest (Coley and Barone, 1996) it is probable that chemical
changes do occur as plants grow toward the canopy.
Pioneer tree species exhibit rapid leaf expansion and growth due to their
colonization of areas having an abundance of light that increases rates of photosynthesis
(Rundell and Gibson, 1996). Presumably because of their rapid growth and shorter leaf
life times, pioneer species are poorly defended and suffer higher rates of herbivory
(Coley and Barone, 1996). Still, younger leaves of pioneer species suffer even higher
rates of herbivory because they are high in nitrogen, protein, water and low in toughness
(Denslow, 1987). As a result, qualitative defenses, like alkaloids, may be favored in
young leaves until more quantitative defenses can accumulate (Coley and Barone, 1996).
What morphological and chemical changes in leaves might be expected for
pioneer species as the plant ages? Pioneer species initially find themselves in high light
environments, like gaps, that quickly become shaded as the plants within them compete
for space in the canopy. Therefore, young individuals might resemble other high light
environment leaves in being small and without drip tips. However, a premium on fast
growth may cause leaves from young plants to show characteristics of newly expanding
leaves, in being thin and employing qualitative defenses. Older plants may possess leaves

that are larger, thicker and with quantitative defenses as thickness is a more effective but
more time consuming defense and larger leaves are more adaptive in competing for
increasingly limited light.
Cecropia (Cecropiaceae) is a common pioneer found throughout the Neotropics
that shows marked changes in leaf morphology with plant age. Leaves of young plants
can be described as small (10-12 cm), serrate, and exhibiting an acute apex. As the plant
matures it produces larger leaves (15-18 cm) that have a less pronounced serrate margin
and three acute apices with the center apex being the largest. Finally, mature plants
produce much larger leaves (approx... 50 cm) with 10-12 deep lobes separated three
quarters of the way to the base and a more obtuse apex (Figure 1). How these leaves
differ in other morphological and in chemical characteristics is not known.
Cecropia exhibit anti-herbivore defenses in the forms of Azteca ant mutualisms,
toughness and alkaloids. Persistent colonies of Azteca appear in Cecropia plants with
mature leaf morphology and not before (Mauricio Garcia, pers. comm.). Furthermore,
some higher altitude species of Cecropia lack ants altogether. Despite the presence or
absence of an Azteca ant mutualism, which may select for a decreased amount of
chemical defenses, Cecropia still produce alkaloids for protection against herbivores
(Hartmann, 1990: Scalley, 1993). Nothing is known for how the presence of ants impacts
leaf toughness, alkaloid concentration or other anti-herbivore defenses.
`Cecropia polyphlebia and Cecropia obtusifolia are prevalent pioneer species in
the cloud forests of Costa Rica. Cecropia polyphlebia grows at elevations between 15001800m on the pacific slope and rarely possesses an ant association. The absence of ants
can be attributed to their inability to live at high elevations (Janzen, 1973). Cecropia
obtusifolia is located at elevations below 1500m and commonly possesses an Azteca ant
mutualism. Both of these species of Cecropia display the three distinctive leaf forms with
plant age. Given the large changes in microhabitat and ant inhabitation as Cecropia ages,
leaves may undergo morphological and chemical changes beyond those already noted to
enhance fitness at each stage.
In this study, the concentration of alkaloids, percent water content, percent
herbivory and toughness was tested for leaves of each plant stage of these two species. It
was expected that the concentration of alkaloids would be highest in the young plants for
two reasons: (1) young plants must grow rapidly to gain access to the canopy and,
therefore must rely on qualitative defenses and (2) they have not been established by
Azteca colonies. Further, young plants should also have leaves that are thinner and
contain higher water contents, both characteristic of rapidly growing plants (Coley and
Barone, 1996). As in other studies, percent herbivory was expected to negatively
correlate with alkaloid concentration and toughness (Coley and Aide, 1991). It is
probable that with increasing plant age alkaloid concentrations will decrease as toughness
takes over as the primary defense in both species.

Material and Methods
The second leaf down from the apical meristem was taken for each plant in an attempt to
standardize the time the leaf was exposed to herbivores. Plants were classified into age
categories based on their leaf morphology. Leaves collected with a single, serrate lobe
were classified as young. Tri-lobed, serrate leaves were designated as intermediate.
Leaves with more than three lobes were considered old. Samples of the three age
categories were collected from separate plants of Cecropia polyphlebia and Cecropia
obtusifolia. Samples of C. polyphlebia were collected from gaps in the forest near the
Estación Biológica at elevations greater than 1500m. Leaves of C. obtusifolia were
collected along the road to the hog farm and the private reserve of Aerial Adventures at
an elevational range of 1200-1300m. Elevation at which they were collected and the
number of parallel veins on the largest lobe aided in identifying species. The leaves were
placed in plastic bags, then tested for water content, toughness and percent herbivory.
Leaves were then placed in a drying oven overnight (18°C) and assayed for concentration
of alkaloids.
Percent water content was determined by measuring the mass of the leaves before
and after drying, then simply dividing the difference of masses by the original mass and
multiplying by 100. Toughness was calculated using a penetrometer. Water was added to
a container resting a metal plate until a pin attached to the plate, punctured the leaf.
Volume of water was measured in mL to obtain the mass in grams of water required to
penetrate the leaf tissue. This was repeated three times. The average of the three trials
was recorded.
Percent herbivory was measured using a CID, CI-201 area meter. Each leaf was
scanned to determine the area present in cm². The missing patches of leaf were colored in
on a plastic overhead sheet using a green marker. The leaf then removed and the shaded
area was scanned. The total area missing was divided by total leaf area to obtain percent
herbivory.
Alkaloid concentration was determined using standard protocol (Scalley, 1993).
Up to 1g of leaf material was broken up, placed in large glass test tubes and soaked in
enough methanol to cover leaf material. Tubes were placed in a hot water bath until the
methanol boiled off to about 1 cm below the top of the leaf material. The methanol was
then extracted using a pipette and placed in other large glass test tubes. After boiling off
the methanol, three pipettes of 2N H2SO4 were added to each sample then washed three
or more times (based upon the apparent cleanliness of the sulfuric acid layer) with three
pipettes of chloroform. Each sample was mixed thoroughly, using a swirling motion, to
ensure that all of the chloroform was coming into contact with the sulfuric acid layer. The
chloroform formed waste layers in the bottom of each test tube. Each layer was removed
using a pipette and placed in a glass waste container. 10M NaOH was then added drop
wise until the solution reached < pH-10 (tested using litmus paper). Chloroform was
added three more times to pull the alkaloids from the basic solution. Each sample was
mixed thoroughly, using a swirling motion to ensure that the chloroform was coming into
contact with the alkaloids suspended in the sulfuric acid layer. The chloroform layers

present in the bottom of the test tubes were extracted using a pipette, then preserved in
large glass test tubes. Each sample was then placed in a hot water bath until the
chloroform evaporated. The isolated alkaloids were mixed with 4 mL of .1N H2SO4 and
.4mL of Dragendorff’s reagent (.21 g Bismuth nitrate into 10 mL of 20% Acetic Acid and
4.0 g Potassium iodide into 10 mL of H2O). Transmittence was then recorded using a
Sequoia-Turner Model 340 Spectrophotometer at a wavelength of 530 nm.
A standard curve was prepared by performing a five part serial dilution using 100
mg of caffeine from Tiamina Raven caffeine tablets. The following concentrations were
used: 1mg/mL, 0.2 mg/mL, 0.04 mg/mL, 0.008 mg/mL, and 0.0016 mg/mL. The
concentration of alkaloids for the five samples was determined using the above
procedure.
A two-way ANOVA was used to test for significant differences between species,
age, percent water content, percent herbivory, toughness (g) and alkaloid concentration
(mg/g). Next, simple regressions were performed between, percent water vs. toughness,
percent herbivory vs. toughness, concentration of alkaloids vs. toughness and percent
herbivory vs. concentration of alkaloids for both species.

Results
Water Content and Leaf Age: Water content decreased as the plants of both species
matured. Overall mean percent water content was 83.1 ± 4.90 for the leaves of young
plants, 72.3 ± 19.0 for the leaves of medium aged plants and 51.4 ± 16.7 for old plants
(ANOVA F = 27.441, DF = 2, P = < .0001) (see figure 2). C. obtusifolia showed a more
linear decrease in water content compared to C. polyphlebia which remained relatively
constant for young and medium aged plants.
Toughness and Plant Age: Toughness increased as the plants of both species matured.
Overall mean percent toughness was 56.1 ± 20.8 for young plants, 73.0 ± 30.2 for
medium aged plants and 92.1 ± 26.1 for old plants (ANOVA F = 11.065, DF = 2, P = <
0.001) (see figure 3). As toughness increased with plant age, percent water content
showed a decreasing trend in both species of Cecropia. (simple regression: C.
polyphlebia, R^2 = 0.186, P = 0.0247: C. obtusifolia, R^2 = 0.194, P = 0.0064)(see
figures 4 and 5).
Concentration of Alkaloids: Higher concentrations of alkaloids were found in the leaves
of the young plants (see figure 6). Overall mean concentration of alkaloids was 6.11 ±
4.75 for the leaves of young plants, 0.947 ± 0.621 for medium aged plants and 0.392 ±
0.041 for old plants (ANOVA F = 24.439, DF = 2, P = < 0.0001) (figure 6). Leaves of the
young plants of C. obtusifolia showed a trend toward having a greater concentration of
alkaloids compared to the young plants of C. polyphlebia (T-test P = 0.08).

Percent Herbivory: Percent herbivory remained relatively constant as the plants aged (see
table 1). Percent herbivory displayed a trend toward being higher in the young C.
obtusifolia compared to the young C. polyphlebia (T-test P = 2.753). Alkaloid
concentration did not show a significant correlation with percent herbivory for either
species (ANOVA: regression plot, F = 1.312, DF = 1, P = 0.2565) (see figure 7). Also,
percent herbivory and toughness did not show a significant correlation for both species
(simple regression: F = 0.477, DF 1, P = 0.492) (see figure 8).
Discussion
Plant age affected not only morphological but chemical qualities of leaves. Leaves of
young plants had more water and more alkaloids while leaves from old plants were
tougher. There were no differences between species, although C. obtusifolia tended to
have less water in medium aged plants and alkaloid concentration tended to be higher in
the young plants of C. obtusifolia.
Greater amounts of water are required for leaves to successfully carry out cell
expansion making a high percent water content crucial to younger plants (Taiz, 1991).
Medium aged plants showed similar water content to young aged plants, about 80%
water, but leaves of mature plants had dropped to 50% (Figure 2). Coley and Aide (1996)
report mean percent water content for leaves of gap species to be close to 70%. The fact
that younger plants have leaves with more water than average supports the idea that
leaves of young plants are adapted for rapid growth and expansion and have not had time
to accumulate heavier quantitative defenses.
Indeed, toughness was greatest for mature plants (Figure 3). Toughness is
characteristic of long-lived leaves and confers greater protection against herbivores
(Coley and Barone). As the plant ages the once abundant light source fades as competing
species slowly shade out the Cecropia. Moreover nutrients that were initially abundant
after gap formation have been leached or taken up by other plants (Janos, 1983). Since
light and nutrients are limited, the plant may choose to invest in quantitative defenses like
toughness since leaves are expensive to replace and tougher leaves last longer. As water
and toughness are inversely related it appears that young plants opt for rapid leaf
expansion while mature plants favor long-lasting leaves.
In keeping with trends found in young and old leaves of single plants, young
leaves (with little investment) contain cheaper qualitative defenses whereas older leaves
have accumulated quantitative defenses. In the case of young Cecropia plants, rapid
growth and high light conditions lead to inexpensive, easy to replace leaves with
qualitative defenses. Alkaloids are the primary means of anti-herbivore defense for this
stage (Figure 5). For mature Cecropia, shading and resultant slower growth favors
quantitative defenses, like toughness, that replace alkaloids.
Despite major differences in qualitative and quantitative defenses with plant age,
percent herbivory remained relatively constant, between 4 and 12%. Furthermore,
alkaloid content did not correlate with herbivory nor did toughness. Therefore, neither
defense was convincingly demonstrated to be effective in this study. In fact, percent

herbivory is not too far from the average for tropical plants of 11% (Coley and Aide,
1996). Either one defense compensates for the other or different herbivores respond to
one or the other type of defense.
A tend toward a higher concentration of alkaloids existed for the leaves of young
plants of C. obtusifolia (figure 6) coupled with a trend toward increased amounts of
herbivory (figure 7). Because C. obtusifolia is at a lower, warmer elevation, increased
herbivore pressure along with the absence of an ant mutualism on younger plants, may
cause increased concentrations of alkaloids in the leaves. Also, as insect abundance
increases at lower elevations it is likely that there are more herbivores capable of feeding
on leaves protected with qualitative defenses, therefore it is expected that despite the
increased chemical defenses, herbivory will be greater.
Upon germination in the high light and nutrients rich conditions characteristic of
gaps, C. polyphlebia and C. obtusifolia respond by adapting morphologically and
chemically. Young plants in light-rich environments, produce smaller leaves with a
higher water content and greater qualitative defenses. As the plant ages, other species
competing for a place in the canopy, reduce the photosynthetic ability of the Cecropia,
causing them to produce larger leaves with longer lasting quantitative defenses. The
shifting of resources a plant makes throughout its lifetime deserves more attention.
Further study will allow us to understand how plants adapt to the changing environmental
conditions that occur as they mature.
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Figure 1 – Drawings of the leaves of the three plant ages.

